The impact of climate change on the marine food web is highly uncertain. Nonetheless, there is growing consensus that global marine primary production will decline in response to future climate change, largely due to increased stratification reducing the supply of nutrients to the upper ocean. Evidence to date suggests a potential amplification of this response throughout the trophic food web, with more dramatic responses at higher trophic levels. Here we show that trophic amplification of marine biomass declines is a consistent feature of the Coupled Model Intercomparison Project Phase 5 (CMIP5) Earth System Models, across different scenarios of future climate change. Under the business-as-usual Representative Concentration Pathway 8.5 (RCP8.5) global mean phytoplankton biomass is projected to decline by 6.1% ± 2.5% over the twenty-first century, while zooplankton biomass declines by 13.6% ± 3.0%. All models project greater relative declines in zooplankton than phytoplankton, with annual zooplankton biomass anomalies 2.24 ± 1.03 times those of phytoplankton. The low latitude oceans drive the projected trophic amplification of biomass declines, with models exhibiting variable trophic interactions in the mid-tohigh latitudes and similar relative changes in phytoplankton and zooplankton biomass. Under the assumption that zooplankton biomass is prey limited, an analytical explanation of the trophic amplification that occurs in the low latitudes can be derived from generic plankton differential equations. Using an ocean biogeochemical model, we show that the inclusion of variable C:N:P phytoplankton stoichiometry can substantially increase the trophic amplification of biomass declines in low latitude regions. This additional trophic amplification is driven by enhanced nutrient limitation decreasing phytoplankton N and P content relative to C, hence reducing zooplankton growth efficiency. Given that most current Earth System Models assume that phytoplankton C:N:P stoichiometry is constant, such models are likely to underestimate the extent of negative trophic amplification under projected climate change.
| INTRODUCTION
Earth System Models include highly varied descriptions of ocean biogeochemical cycles which facilitate projections of how marine plankton responds to, and influences global climate (e.g., Kwiatkowski et al., 2014) . Projections of marine primary production under conventional scenarios of future climate change are highly uncertain (Frölicher, Rodgers, Stock, & Cheung, 2016; Taucher & Oschlies, 2011) yet generally predict twenty-first century global declines Steinacher et al., 2010) . These declines are predominately a consequence of primary production decreases in equatorial and subtropical biomes (Cabré, Marinov, & Leung, 2014) due to stratification-driven reductions in nutrient availability, as well as potential increases in other phytoplankton loss processes such as grazing (Laufkötter et al., 2015) . Declines are somewhat compensated for by high latitude increases in production in response to lower light and temperature limitations (Cabré et al., 2014; Laufkötter et al., 2015) .
Declines in marine primary production tend to be exacerbated on greater than centennial projection horizons (Moore et al., 2018) , although rapid mitigation scenarios have been shown to cause transient increases (John, Stock, & Dunne, 2015) . Recent work has reduced the uncertainty associated with twenty-first century projections of marine production using emergent ensemble relationships between primary production sensitivities on different timescales and observational constraints (Kwiatkowski et al., 2017) . There is therefore increased confidence that climate change will lead to primary production declines. However, our understanding of how such declines, in combination with other marine stressors, will impact higher trophic levels remains limited.
The majority of studies that have assessed marine trophic interactions under climate change have generally used temperature and net primary production outputs from Earth System Models (ESMs) to force upper trophic level models (Cheung et al., 2010; Galbraith, Carozza, & Bianchi, 2017) , often focussing on regions where communities are particularly dependent on fisheries (Barange et al., 2014; Blanchard et al., 2012) . Limited studies have explored the trophic interactions between phytoplankton and zooplankton at the base of the marine food web. Such predator-prey interactions have been shown to be highly dependent on model parameter choices such as food preferences (Sailley et al., 2013) and mortality functions (Kearney, Stock, & Sarmiento, 2013) . Global simulations of the IPSL-CM4 model, run under the relatively high emissions scenario A1B, projected that phytoplankton biomass would decline by 6% and zooplankton biomass by 11% over the twenty-first century (Chust et al., 2014) . This represents global negative trophic amplification (1.8-fold) between phytoplankton and zooplankton, although regional models were shown to project more diverse trophic interactions. Simulations using the GFDL-ESM2M-COBALT model focussed on rates of primary and mesozooplankton production as opposed to plankton biomasses (Stock, Dunne, & John, 2014) . The authors found that under RCP8.5, projected twenty-first century global net primary production declines by 3.6% while net mesozooplankton production declines by 7.9%. This negative trophic amplification (2.1-fold), although not directly comparable to that described by Chust et al. (2014) , was driven by declines in zooplankton growth efficiency, and to a lesser degree, the trophic level of zooplankton and extent of zooplanktonphytoplankton coupling.
One of the limitations of studies on global trophic interactions under climate change is that they are typically dependent on ocean biogeochemical (OBGC) models which assume phytoplankton stoichiometry is fixed at constant Redfield values with respect to either C:N:P (Chust et al., 2014) or C:N (Stock et al., 2014) . This is potentially problematic because (a) fixed stoichiometry models may overestimate the magnitude of net primary production declines in response to increased nutrient limitation (Flynn, 2010; Kwiatkowski, Aumont, Bopp, & Ciais, 2018; Teng, Primeau, Moore, Lomas, & Martiny, 2014) , and (b) fixed stoichiometry models do not account for the effect of changing phytoplankton stoichiometry on the food quality available to higher trophic levels such as zooplankton (Mitra & Flynn, 2005) .
The transfer of energy between phytoplankton and zooplankton is dependent on phytoplankton attributes such as nutritional quality which vary with taxonomic composition and stoichiometry (Dickman, Newell, González, & Vanni, 2008; Finkel et al., 2009; Rossoll et al., 2012) . The carbon content of phytoplankton typically exceeds zooplankton demands while N and P are generally limiting. Increased phytoplankton C:N and C:P therefore has associated costs for zooplankton with the excess carbon either stored, excreted, respired or avoided through modified grazing behaviour (Plath & Boersma, 2001 ). These processes typically reduce zooplankton growth efficiency (Urabe & Sterner, 1996; Urabe et al., 2002) and therefore the transfer of energy between trophic levels.
In this study, we assess trophic interactions between phytoplankton and zooplankton biomass in the Coupled Model Intercomparison Project Phase 5 (CMIP5) Earth System Models under twenty-first century projections of climate change. We then use the Pelagic Interactions Scheme for Carbon and Ecosystem Studies Quota (PISCES-QUOTA) model (Kwiatkowski, et al., 2018) to explore the mechanisms governing phytoplankton-zooplankton trophic interactions. In particular, we focus on how changing phytoplankton C:N:P stoichiometry influences zooplankton growth efficiency and affects the trophic interactions between phytoplankton and zooplankton.
| MATERIALS AND METHODS

| CMIP5 models
Projected twenty-first century (2006-2100) trophic interactions between phytoplankton and zooplankton were analysed for the CMIP5 Earth System Models (Table 1) under Representative Concentration Pathway (RCP) 8.5 (Riahi et al., 2011 ), 4.5 (Thomson et al., 2011 ) and 2.6 (Vuuren et al., 2011 , with model outputs compared to 1990-1999 values from historical simulations (Taylor, Stouffer, & Meehl, 2011) . All ESMs contained coupled ocean biogeochemical models that cover a wide range of complexity. From simple KWIATKOWSKI ET AL. nutrient, phytoplankton, zooplankton, detritus (NPZD) models to relatively complex OBGC models containing multiple nutrients and phytoplankton/zooplankton functional groups . With the exception of the CMCC-CESM model, all ESMs parameterised phytoplankton stoichiometry to remain constant at Redfield values with respect to either C:N or C:N:P (Table 1) .
Model output fields were regridded to a 1°× 1°regular grid to facilitate multi-model intercomparison. Where ESMs simulated multiple phytoplankton or zooplankton groups, the aggregated biomass of the phytoplankton (phyc) and zooplankton (zooc) groups was used.
All model output values are depth integrated. Under the CMIP5 protocol, models did not produce outputs such as zooplankton growth efficiency, which would facilitate a more thorough mechanistic assessment of the drivers of phytoplankton-zooplankton trophic interactions. We therefore adopt the approach of previous authors (Chust et al., 2014) , who have inferred plankton trophic interactions based on the sign and magnitude of relative phytoplankton and zooplankton biomass anomalies. Linear regression coefficients between annual global mean biomass anomalies were used to determine the magnitude of global-scale trophic interactions for the RCP simulations.
| PISCES-QUOTA and PISCES-QUOTAFIX
To assess the mechanisms governing ocean biogeochemistry trophic interactions under climate change, we utilized simulations of the PISCES-QUOTA ocean biogeochemical model (Kwiatkowski et al., 2018 ) and a fixed phytoplankton stoichiometry version of the same model (PISCES-QUOTAFIX). PISCES-QUOTA is an OBGC model developed from the PISCES model (Aumont, Ethé, Tagliabue, Bopp, & Gehlen, 2015) . It contains thirty-nine prognostic tracers including three phytoplankton size classes/groups (picophytoplankton, nanophytoplankton and diatoms), and two zooplankton size classes (microzooplankton and mesozooplankton). Microzooplankton graze on all three phytoplankton groups as well as on particulate organic carbon (POC) and other microzooplankton. Mesozooplankton graze on diatoms and nanophytoplankton in addition to microzooplankton, POC and other mesozooplankton. In PISCES-QUOTA, grazing rates are determined by a Michaelis-Menten parameterization with threshold-dependent active positive switching. As the abundance of prey exceeds a given threshold, they are therefore preferentially consumed.
In contrast to the OBGC models that are typically coupled in Earth System Models, phytoplankton C:N:P stoichiometry is variable and prognostically predicted in PISCES-QUOTA while zooplankton are assumed to be homoeostatic (e.g., Sterner & Elser, 2002; Woods & Wilson, 2013) 3 | RESULTS
| Plankton responses in the CMIP5 models
Under RCP8.5 the CMIP5 global mean phytoplankton biomass is projected to decline by 6.1% ± 2.5% (intermodal standard deviation) or 40.3 ± 20.6 TgC over the twenty-first century (2090s-1990s anomalies), while zooplankton biomass declines by 13.6% ± 3.0% or 65.4 ± 47.9 TgC (Figure 1 ). All models project larger relative declines in zooplankton biomass than phytoplankton biomass. Projected RCP8.5 anomalies in zooplankton biomass are highly correlated with anomalies in phytoplankton biomass (r 2 = 0.81-0.99) for all models with the exception of CanESM2 (r 2 = 0.21; Table 1 Table 1 ). Therefore, for a given change in global phytoplankton biomass, the change in zooplankton biomass can be amplified between 38% ± 2% (GFDL-ESM2G) and 385% ± 15%
(HadGEM2-ES). The CMIP5 mean trophic amplification, derived from individual model regression coefficients, is 124% ± 103%.
The CMIP5 projected declines in phytoplankton and zooplankton biomass are lower under the less fossil fuel intensive scenarios RCP4.5 and RCP2.6. Twenty-first century phytoplankton declines are 2.3% ± 1.4% and 1.2% ± 1.2% for RCP4.5 and RCP2.6, respectively, while zooplankton declines are 6.4% ± 1.7% and 3.5% ± 1.4%.
Although certain models (MPI-ESM-LR and IPSL-CM5A-MR) project
that the degree of negative trophic amplification is greater for more intense emissions scenarios, this is not a consistent relationship across the model ensemble (Table 1) .
CMIP5 phytoplankton and zooplankton biomass declines are con- Table 2 ). Projected changes in higher trophic level plankton biomass are highly correlated with changes in lower trophic level biomass (r 2 = 0.92-0.98) in PISCES-QUOTA. Over the RCP8.5 simulations, the microzooc:phyc, mesozooc:phyc and mesozooc:microzooc regression coefficients were 1.68 ± 0.05, 2.31 ± 0.07 and 1.35 ± 0.02, respectively. PISCES-QUOTA therefore projects consistent negative amplification of biomass declines across trophic levels, with the greatest amplification (131% ± 7%) between phytoplankton and mesozooplankton and the least amplification (35% ± 2%) between microzooplankton and mesozooplankton.
In the PISCES-QUOTAFIX simulations, the microzooc:phyc, mesozooc:phyc and mesozooc:microzooc regression coefficients were 1.66 ± 0.05, 2.14 ± 0.07 and 1.28 ± 0.02, respectively (Table 2) .
PISCES-QUOTAFIX therefore also projects negative trophic amplification of biomass declines across trophic levels; however, this amplification is 17% lower between phytoplankton and mesozooplankton (114% ± 7%), 2% lower between phytoplankton and microzooplankton (66% ± 5%) and 7% lower between microzooplankton and mesozooplankton (28% ± 2%). These differences between global twentyfirst century trophic amplification in the PISCES-QUOTA and PISCES-QUOTAFIX models, although limited, are statistically significant.
(a) (b)
F I G U R E 2 (a) CMIP5 zonal mean twenty-first century anomalies of phytoplankton and zooplankton biomass under RCP8.5. Shading indicates one inter-model standard deviation. (b) The twenty-first century CMIP5 mean ratio between zooplankton and phytoplankton relative biomass anomalies (zooc:phyc anomaly ratio) under RCP8.5
The PISCES-QUOTA microzooc:phyc and mesozooc:phyc twentyfirst century biomass anomaly ratios are highest in the low latitudes, where microzooplankton and mesozooplankton biomass anomalies can be greater than eight times those of phytoplankton ( Figure 5 ). In contrast, mesozooc:microzooc biomass anomaly ratios are more globally homogenous with mesozooplankton anomalies generally less than two times those of microzooplankton. The influence of variable C:N:P stoichiometry, as determined by the difference between PISCES-QUOTA and PISCES-QUOTAFIX biomass anomaly ratios, is most apparent between phytoplankton and zooplankton trophic levels ( Figure 5 ). The impact of variable stoichiometry is particularly strong in low latitude regions where PISCES-QUOTA projects typically enhanced trophic amplification. In some regions, the magnitude of this additional trophic amplification can increase the zooplanktonto-phytoplankton anomaly ratio by greater than four relative to PISCES-QUOTAFIX projections (Figure 5b,d ).
When the trophic interaction categories of Chust et al. (2014) are applied to the PISCES-QUOTA output, the model is shown to generally project negative trophic amplification between phytoplankton and zooplankton under RCP8.5 ( Figure 6 ). The spatial distribution of this negative amplification is similar to that of the CMIP5 models, although more extensive in mid latitudes, and in broad accordance with previous studies utilizing fixed C:N:P stoichiometry models (Chust et al., 2014; Stock et al., 2014) . studies. This is where primary production declines are greatest , and generally driven by reduced nutrient concentrations in the euphotic zone as a consequence of increased stratification and weaker upwelling (Kwiatkowski et al., 2017; Laufkötter et al., 2015; Steinacher et al., 2010) .
Amplification of twenty-first century biomass declines between phytoplankton and zooplankton trophic levels is also found across the CMIP5 models. This global negative trophic amplification is driven by the low latitudes and is consistent with previously published results from individual ESMs (Chust et al., 2014; Stock et al., 2014) . No relationship was found between the radiative forcing associated with a given RCP and the extent of trophic amplification across the CMIP5 ensemble. In certain models, negative trophic amplification might be a potential consequence of consumers in oligotrophic low latitude regions, having limited energy resources above basal requirements and therefore being highly sensitive to reductions in growth efficiency, as | 223 has been shown in the GFDL-ESM2M-COBALT model (Stock et al., 2014) . Additionally, in models with a minimum of three plankton functional types, an increase in the mean length of plankton food chains could contribute to negative trophic amplification by reducing trophic efficiencies (Ryther, 1969; Stock et al., 2014) . However, this is not possible within the CMIP5 models that contain single phytoplankton and zooplankton functional types. As shown below, however, an overarching analytical explanation of trophic amplification of biomass declines can be derived from generic differential equations of phytoplankton and zooplankton of the form described in OBGC models. Consider:
where P is phytoplankton biomass, Z is zooplankton biomass, μ P is phytoplankton growth rate, m P is phytoplankton respiration or linear mortality rate, g is the rate of zooplankton grazing on phytoplankton, ε is zooplankton gross growth efficiency, m Z is zooplankton respiration or linear mortality rate and w is the zooplankton quadratic mortality rate. Under the assumption that phytoplankton biomass or prey is limiting, which is reasonable for oligotrophic regions, at equilibrium,
and therefore any change in phytoplankton biomass (∂P) affects zooplankton biomass as follows:
Thus,
And therefore the inclusion of a linear zooplankton mortality or respiration term (m Z ) necessitates that ∂Z/Z > ∂P/P and trophic The importance of the form of mortality functions in trophic interactions has been previously observed in an ecosystem model of the Subarctic Pacific, with linear mortality terms found to similarly amplify the propagation of productivity anomalies through marine food webs, and quadratic mortality terms found to attenuate such anomalies (Kearney et al., 2013) .
It should be noted that ESMs contain computationally necessary simplifications of complex physical and biological systems. All projections are therefore reliant on models that do not incorporate
F I G U R E 5 (a, c, e) The ratio between twenty-first century PISCES-QUOTA relative biomass anomalies (2090-2099 minus 1990-1999 ) at higher and lower trophic levels and (b, d, f) the difference between twenty-first century anomaly ratios in PISCES-QUOTA and PISCES-QUOTAFIX features that could potentially influence plankton biomass projections. Specifically, current ESMs lack interactive ice sheets, which, under scenarios of rapid warming, are likely to influence projections of marine biomass (Bhatia et al., 2013; Death et al., 2014) . Furthermore, biogeochemistry descriptions typically include at most one micronutrient (i.e., Fe) and generally lack explicit representation of nitrogen fixation. As such, although the projections of trophic amplification described here are robust across an ESM ensemble of diverse complexity, they are likely to be revised as ESMs and associated OBGCs progressively represent additional processes. Table 2 ). The enhanced global negative amplification of biomass declines in PISCES-QUOTA relative to PISCES-QUOTAFIX throughout the twenty-first century is a result of the food quality available to zooplankton typically declining. PISCES-QUOTA projects that mean phytoplankton N content declines 1.1% and mean phytoplankton P content declines 6.4% over the twenty-first century (Kwiatkowski et al., 2018) . This general reduction in phytoplankton N and P content results in a decline in zooplankton growth efficiency, an interaction that is not permissible in fixed C:N:P stoichiometry models. Consequently, OBGC models with fixed C:N:P phytoplankton stoichiometry are likely to underestimate the extent of twenty-first century global negative trophic amplification by 2%-17% based on our simulations. This underestimation of negative trophic amplification although relatively limited at the global scale, masks major differences projected at regional scales.
|
The impact of variable stoichiometry on the magnitude of negative trophic amplification is generally strongest in low latitude oligotrophic regions. Here the inclusion of variable stoichiometry can increase the zooplankton to phytoplankton biomass anomaly ratio by >4 ( Figure 5 ). These are regions of low biomass where PISCES-QUOTA projects typically the greatest changes in phytoplankton nutrient content. Enhanced P limitation under RCP8.5 can cause mean phytoplankton P content to decrease by >20% in the subtropical gyres, while N content can both increase and decrease (typically by <10%) due to the combined effects of greater stratification and changes in N fixation (Kwiatkowski et al., 2018) . It is the aggregate effect of these changes in phytoplankton N and P content that generally reduces zooplankton growth efficiency and causes the enhanced trophic amplification of low latitude biomass declines in (a) (b) F I G U R E 6 The (a) PISCES-QUOTA and (b) PISCES-QUOTAFIX trophic interactions under RCP8.5. Trophic interactions are between total phytoplankton and zooplankton biomass anomalies over the twenty-first century PISCES-QUOTA relative to PISCES-QUOTAFIX. As the biomass concentrations in these oligotrophic regions are low, the large differences in trophic amplification between the PISCES-QUOTA and PISCES-QUOTAFIX models are typically driven by relatively small changes in absolute biomass concentrations, which therefore have limited impact on the global mean.
As the mean CMIP5 negative trophic amplification between phytoplankton and zooplankton is 124% ± 103% in RCP8.5 simulations, any negative bias due to the overwhelming use of fixed phytoplankton stoichiometry models is relatively limited at the global scale, and indeed much smaller than the uncertainty across the model ensemble. However, the limited influence of variable C:N:P phytoplankton stoichiometry on global scale trophic amplification masks large regional impacts. Our simulations suggest that in the oligotrophic low latitude oceans, the inclusion of variable phytoplankton stoichiometry can result in a greater than fourfold increase in the magnitude of negative trophic amplification. In such regions, the assumption of fixed C:N:P phytoplankton stoichiometry in ESMs is thus likely to dramatically impact projections of marine biomass at higher trophic levels. Therefore, alongside an improved understanding of potential stoichiometric plasticity in marine consumers, particular care is required when using fixed stoichiometry ESM outputs to force upper trophic level models. 
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